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Summary 

This  project  was  a  pilot  study  aimed  toward  testing  the  hypothesis  that 
vertical  wind  shear  through  the  middle  troposphere  can  be  usefully  estimated 
by  linear  combinations  of  satellite-sensed  infrared  and  microwave  radiance 
gradients.  Linear  regression  estimates  were  made,  with  observed  shears 
between  mandatory  levels  as  predictands  and  radiance  gradients  obtained  via 
the  TIROS-N  satellite  as  predictors.  Data  observed  during  March  1979  over 
the  western  United  States  were  used.  Radiances  were  interpolated  according 
to  a  neighboring-points  slope-fitting  analysis  scheme  to  the  radiosonde  sites; 
the  mesh-equivalence  of  the  radiance  data  was  about  250  km,  so  that  synoptic 
scale  radiance  gradients  were  the  predictors. 

Data  problems  limited  the  sample  sizes  severely.  Level  IB  data, 
initially  tested,  were  useless.  Level  2A  data  for  March  1979  contained  no 
1500  LST  data,  necessary  for  0000  GMT  comparisons  over  the  western  United 
States,  at  all.  Further,  the  retrievals  on  individual  days  exhibit  many  missing 
data.  Finally,  cloudiness  seriously  limits  the  available  data  points  for  the 
infrared.  As  a  result,  the  pilot  experiments  are  based  on  about  200-500  obser¬ 
vations  apiece,  which  limits  the  confidence  one  can  place  in  the  conclusion. 

They  must  be  considered  very  tentative. 

The  best  results  were  obtained  for  shears  between  850  mb  and  a  level  in 
the  upper  troposphere,  such  as  300  mb.  Results  were  similar  for  850-400  or 
850-200  mb  shears,  but  notably  inferior  for  850-500  mb  shears. 

The  linear  correlation  coefficients  between  estimated  and  smoothed  obser¬ 
ved  components  of  shear  were  about  0.70,  corresponding  to  about  50  percent 
explained  variance  in  independent  test  samples.  Somewhat  higher  explained 
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variances  (about  0.60)  were  achieved  in  a  limited  trial  where  the  data-set 
was  stratified  according  to  subjectively-judged  trajectory  curvature. 

In  developmental  trials,  regression  estimates  of  the  wind  itself  in 
the  upper  troposphere  were  very  similar  in  skill  to  the  best  shear  results. 
However,  these  deteriorated  somewhat  in  the  independent  trial  on  smoothed 
data,  presumably  because  the  shears  contained  more  random  error.  Overall, 
with  the  possible  exception  of  curvature-stratified  estimates  in  clear 
regions,  both  wind  and  wind  shear  estimates  are  not  likely  to  be  superior  to 
methods  that  generate  RMS  wind  errors  of  order  5  ms-^. 

With  respect  to  predictors,  one  result  was  quite  consistent:  Most  of 
the  information  was  contributed  by  the  linear  combination  of  microwave  chan¬ 
nel  2  minus  microwave  channel  3.  Some  additional  information  may  be  obtain¬ 
able  from  the  infrared  (HIRS-2)  channels  3,  4  and  5  (especially  5);  indeed, 
the  highest  explained  variances,  and  the  best  result  in  the  curvature- 
stratified  experiment  involved  linear  combinations  of  the  five  microwave 
and  infrared  channels.  Nevertheless,  the  HIRS  channel  results  were  disappoint¬ 
ing.  Even  with  a  carefully  checked  set  of  clear  points  relatively  free  of 
interpolation  errors,  the  infrared-only  experiments  did  not  match  the  microwave 
only  experiments  in  skill.  Part  of  the  reason  for  this  is  stratospheric 
temperature  gradient  reversal,  where  the  tropopause  is  low.  This  weakens  the 
radiance  gradients,  especially  in  HIRS  channels  3  and  4. 

Further  experiments  are  needed,  on  a  much  larger  sample.  Microwave 
channels  2  and  3,  or  microwave  plus  infrared  channel  5  (or  3,  4  and  5)  are  the 
indicated  predictors.  Equations  should  be  derived  on  unsmoothed  wind  shear 
observations  but  tested  on  smoothed  ones.  An  objective  method  of  stratification 
of  trajectory  curvature  should  be  developed  and  tested.  Finally,  a  rigorous 
test  of  standard  errors  of  these  estimates  against  those  of  alternative  wind 
shear  calculations  should  be  made. 


Estimation  of  Vertical  Wind  Shear  from  Infrared 
and  Microwave  Radiances 


1.  Introduction 

The  major  purpose  of  the  weather  satellite  program  is  to  infer 
meteorological  data  from  space,  especially  in  regions  of  sparse  observations. 
Estimation  of  winds  presents  special  challenges,  because  satellites  do  not 
presently  carry  sensors  specifically  designed  for  wind  measurement,  although 
satellite-borne  lasers  are  under  consideration. 

So  far,  winds  have  been  obtained  by  use  of  three  distinct  methods: 
backscatter  from  the  sea  surface,  tracking  of  cloud  elements  and  computations 
from  satellite-inferred  temperatures. 

Backscatter  provides  only  surface  winds,  and  is  limited  to  oceanic 
areas.  Cloud  motions  require  the  presence  of  clouds  (which  cover  only  about 
50 %  of  the  earth's  surface),  and  clouds  may  not  travel  with  the  speed  of  the 
wind.  Further,  cloud-tracing  is  only  possible  where  distinct  cloud  elements, 
such  as  those  produced  by  convection,  can  be  identified  in  successive  images. 
Lee  (1979)  showed  that  this  technique  is  most  useful  in  obtaining  winds  in 
the  low  troposphere,  near  800  mb. 

The  technique  of  inferring  winds  from  temperatures  can  be  used  in  the 
largest  volume  of  the  atmosphere,  and  is  most  commonly  applied.  This  approach 
can  be  considered  to  be  operational,  in  the  sense  that  the  currently- 
applied  operational  forecasting  models  include  wind  analyses  that 
are  obtained  from  such  calculations,  at  least  over  the  oceans  (Phillips 
et  al. ,  1979) .  Although  there  have  been  some  recent  encouraging 
results  reported  by  Phil’ips  (1980),  such  wind  estimates  suffer  from  the 
weaknesses  implicit  in  the  recovery  of  the  temperature  profiles,  which  must 
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be  estimated  first  in  order  to  calculate  the  hypothetical  balance  between 
the  wind  field  and  the  mass  (temperature)  field. 

Recently  Carle  and  Scoggins  (1981)  found  that  geostrophic  winds 
calculated  from  satellite-derived  mass  fields  display  secondary  wind  maxima 
that  are  apparently  spurious  in  the  vicinity  of  the  jet  stream.  Mean 
differences  between  satellite-derived  and  radiosonde-derived  geostrophic  wind 
speeds  were  of  the  order  of  5  m  s  ^  and  displayed  standard  deviations  ranging 
up  to  12  m  s  ^  near  the  jet  stream  in  Carle  and  Scoggins' sample .  They  also 
found  that  the  satellite-based  geostrophic  winds  systematically  underestimated 
the  jet  stream  wind  speed  and  its  associated  shear,  consistent  with  the  often 
reported  tendency  for  satellite-based  temperature  soundings  to  underestimate 
the  magnitude  of  the  horizontal  temperature  gradient,  where  it  is  strong 
(Carle  and  Scoggins,  1981). 

Recently,  Brodrick  (1980)  produced  an  encouraging  case-study  of  jet- 
stream  winds  on  a  cross  section  by  calculating  shear  from  temperatures 
observed  by  TIROS-N.  Smith  and  Togstad  (private  communication)  have  studied  a 
similar  case  to  obtain  a  realistic  jet  stream  mapping  in  a  clear  region.  Also, 
Smith  et  al.  (private  communication)  have  detected  small-scale  temperature 
changes  from  a  geostationary  satellite,  which  might  be  useful  in  diagnosing 
small-scale  wind  shear. 

Wind  information  derived  from  radiances  has  some  drawbacks:  1)  The 

vertical  resolution  is  poor,  2)  temperature  information  can  be  used  directly 
only  to  infer  balanced  wind  shears,  not  winds  at  any  one  level,  3)  the 
transmission  of  infrared  radiances  is  limited  by  clouds.  Microwave  radiances 
penetrate  clouds  (not  precipitation),  but  the  vertical  resolution  of  micro¬ 
wave-derived  winds  is  theoretically  somewhat  coarser  than  that  obtainable  from 
infrared-derived  winds.  Perhaps  optimum  results  can  be  achieved  by  combination 
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of  infrared  and  microwave  radiances.  4)  The  derived  wind  shears  are  related 
to  the  mass  field  by  theoretical  relations  which  are  subject  to  assumptions 
which  may  not  be  completely  satisfied. 

In  practice,  it  is  desirable  to  infer  winds  rather  than  wind  shears 
from  satellites.  We  can  identify  three  distinct  methods  for  obtaining  winds, 
given  the  possibility  of  estimating  wind  shears. 

In  the  first  case,  it  is  assumed  that  winds  are  available  at  a  particular 
level  from  other  information.  For  example,  winds  near  200  mb  are  quite  well 
known  from  jet  aircraft  and  cirrus  motions.  Or,  winds  near  850  mb  may  be 
available  from  motions  of  low-topped  convective  clouds.  Combining  these 
winds  with  satellite-derived  wind  shears  yields  winds  at  other  levels. 

Alternatively,  it  is  assumed  that  the  sea  level  pressure  field  is  known 
from  other  information.  Then,  the  satellite-derived  temperatures  yield  the 
pressure  field  and  hence  balanced  winds.  This  technique  is  being  used 
successfully  by  NOAA  at  the  University  of  Wisconsin,  under  the  direction  of 
Dr.  William  Smith. 

Finally,  winds  are  obtained  statistically  from  wind  shears.  It  is  known 
empirically  that  wind  shears  between  1000  mb  and  500  mb  are  quite  well 
correlated  with  the  winds  themselves  at  500  mb,  at  least  in  middle  latitudes. 
Statistical  relationships  can  be  derived  for  these  quantities.  However, 
coefficients  may  have  to  be  stratified  by  region  and  season. 

In  this  project,  we  attempt  to  use  the  first  and  third  of  the  methods 
above  to  infer  winds  from  satellite  radiance  gradients.  The  use  of  horizontal 
radiance  gradients  is  advantageous  in  that  the  effects  of  systematic  error  in 
the  radiances  are  reduced. 
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2.  Theory 

Vertical  wind  shears  were  first  derived  from  horizontal  radiance 
gradients  by  Zak  and  Panofsky  (1968)  who  used  the  relatively  crude  measure¬ 
ments  on  TIROS  7  to  infer  wind  shears  between  100  mb  and  10  mb.  They  began 
by  putting  (for  a  given  narrow  wavelength  band) 

r 

R  =  W(z)I(T,z)dz 

'  o 

where  R  is  the  radiance,  W(z)  a  weight  function  which  depends  on  height  z 
but  is  constant  in  the  horizontal,  and  I  is  the  contribution  at  each  height 
to  the  total  radiance.  T  is  temperature  and  I  is  a  function  of  temperature 
at  height  z. 

Differentiating  with  respect  to  x,  an  arbitrary  horizontal  coordinate. 


3R 

3x 


W(z) 
'  o 


dJL  3T 
dT  3x 


dz 


(1) 


A  similar  equation  holds  in  the  horizontal  y  direction,  at  right  angles  to  x- 
If  we  assume  geostrophic  winds 


3T  _  fT  3v 
3x  g  3z 


(2) 


where  v  is  the  velocity  component  in  the  y-direction,  f  is  the  Coriolis 
parameter  and  g  is  gravity.  Then 
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Similarly , 
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3y 


II 
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dl  3u  , 
dT  37  dz 


(4) 


The  functions  W(z)  and  are  well  known.  Figure  lf taken  from  Smith 

et  al .  (1979)  ,  shows  W(z)  for  TIROS~N  infrared  and  microwave  channels  used 

in  this  report.  The  problem  is  to  solve  (3)  and  (4)  for  wind  differences 

9R  9R 

between  certain  levels,  given  measured  values  of  —  and  —  in  several  channels 

3x  3y 

simultaneously . 

This  problem  has  been  discussed  by  many  investigators.  Of  special 
interest  here  is  the  work  by  Fleming  (1979)  who  showed  that  finite  wind 
differences  between  particular  levels  can  be  obtained  from  linear  combinations 
of  radiance  gradients  in  particular  channels  in  the  infrared  region. 

Such  linear  combinations  can  also  be  derived  by  regression  analysis 
which  assures  the  statistically  "best"  representation  of  observed  wind 
differences  or  winds  from  a  linear  combination  of  radiance  gradients.  The 
drawback  of  the  statistical  method  is  that  the  fit  may  provide  coefficients 
best  suited  only  to  the  original  (developmental)  sample.  Since  they  are  not 
based  on  physical  reasoning,  they  may  not  be  equally  well  suited  to  other 
samples;  hence  it  is  essential  that  such  equations  be  tested  on  independent 
information . 

Equations  (3)  and  (4)  are  based  on  the  geostrophic  assumption,  and 
clearly  lead  to  underestimates  of  wind  shears  in  anticyclonic  and  over¬ 
estimates  in  cyclonic  regions.  Because  of  this  restriction,  improved 
statistical  relationships  could  be  derived  by  developing  separate  equations 
in  areas  of  contrasting  curvature  of  the  flow  or  by  relating  "errors"  in  the 


equations  to  contour  curvature. 
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3.  Satellite  data 

The  radiance  data  for  this  study  were  obtained  from  the  Satellite  Data 
Services  Division  (SDSD)  of  the  National  Climatic  Center  (NMC) .  The  TIROS-N 
satellite,  launched  in  October  1978,  was  the  source  for  all  satellite  data. 

To  allow  for  several  months  of  system  shakedown  time,  the  month  of  March  1979 
was  chosen  for  this  pilot  study. 

The  TIROS-N  satellite  is  the  first  in  a  series  of  a  new  generation  of 
NOAA  operational  polar  orbiting  satellites.  The  orbital  period  is  approximately 
102  minutes  resulting  in  14.2  orbits  per  day.  The  satellite  operates  with 
a  southbound  equator  crossing  time  (descending  node)  at  approximately  0300 
Local  Standard  Time  (LST)  and  a  northbound  equator  crossing  (ascending  node) 
at  approximately  1500  LST. 

The  satellite  is  equipped  with  an  instrument  package  known  as  the 
TIROS-N  Operational  Vertical  Sounder  (TOVS)  which  consists  of  three  instruments: 
1)  the  second  version  of  the  High  Resolution  Infrared  Radiation  Sounder 
(HIRS-2) ,  2)  the  Microwave  Sounding  Unit  (MSU)  and  3)  the  Stratospheric 
Sounding  Unit.  Each  instrument  is  a  multi-channel  radiometer  which  measures 
the  radiation  emerging  from  the  top  of  the  atmosphere.  For  this  study  of 
mid-tropospheric  wind  shear,  only  radiance  data  from  HIRS-2  and  MSU  are  used. 
Table  1,  adapted  from  Smith  et  al.  (1979),  gives  a  synopsis  of  the 
characteristics  of  each  of  the  various  spectral  channels  used  in  this 
research.  Only  channels  2  and  3  of  the  MSU  and  3,  4  and  5  of  the  HIRS-2 
were  used  here,  because  only  these  channels  respond  significantly  to  tempera¬ 
tures  in  the  middle  troposphere  (see  Fig.  1). 

The  scan  pattern  of  the  HIRS-2  and  MSU  instruments  for  two  consecutive 
orbits  is  shown  in  Fig.  2a.  The  HIRS-2  samples  56  fields  of  view  (FOV)  in  a 
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HIRS 

Channel 

Number 

Channel 

Central 

Wavenumber  (cm  ) 

Principal 

Absorbing 

Constituents 

Level  of 

Peak  Energy 
Contribution 

3 

691 

co2 

100  mb 

4 

704 

CO  2 

400  mb 

5 

716 

co2 

600  mb 

MSU 

Channel 

Number 

Frequency 

(GHz) 

Principal 

Absorbing 

Constituents 

Level  of 

Peak  Energy 
Contribution 

2 

53.73 

°2 

700  mb 

3 

54.96 

°2 

300  mb 

TABLE  1.  Characteristics  of  TOVS  sounding  channels. 
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cross-track  scan  of  2240  km.  The  MSU  samples  only  11  fields  of  view  having 
the  same  cross  track  linear  extent,  resulting  in  significantly  lower 
horizontal  resolution.  The  effective  horizontal  scales  are  shown  on  Fig.  2b. 

In  the  data  set  obtained  from  SDSD  for  this  study,  the  raw  MSU  measurements 
were  corrected  for  slant  path  and  surface  emissivity  effects.  HIRS 
measurements  were  also  corrected  for  limb  and  water  vapor  absorption  effects. 
These  data  sources  had  been  combined  by  interpolation  of  the  lower  resolution 
MSU  measurements  to  the  HIRS  scan  positions  but  the  HIRS  data  retained  greater 
resolution.  Within  the  TIROS  Atmospheric  Radiance  Module  (TARM) ,  these  single 
f ield-of-view  data  were  organized  into  "boxes"  whose  dimensions  are  nine 
scan  spots  across  the  satellite  track  by  seven  scan  spots  along  the  track. 

TARM  then  produced  a  single  set  of  radiances  in  all  spectral  intervals  of 
HIRS  and  MSU,  which  were  estimates  of  the  radiances  in  this  63  FOV  area. 
Dimensions  are  shown  on  Fig.  2b.  Thus,  the  horizontal  resolution  of  the 
radiance  data  used  in  this  study  is  approximately  250  km.  If  it  is  assumed 
that  a  2Ax  wave  is  at  the  detection  level  and  a  lOAx  wave  is  well  resolved, 
then  the  infrared  sounding  could  have  detected  horizontal  scales  of  the 
order  of  100-200  km  in  the  initial  data,  but  the  processing  has  reduced 
that  capability  to  about  a  500  km  scale.  Similarly,  the  microwave  soundings 
would,  at  best,  detect  horizontal  structures  with  minimum  scales  of  the 
order  of  500  km,  and  data  from  both  spectral  intervals  could  only  resolve 
well  structures  having  characteristic  horizontal  length  scales  of  approach¬ 
ing  2500  km.  Thus,  it  could  be  expected  that  this  analysis  would  produce 
errors  associated  with  mesoscale  structures,  including  strong  fronts  and 
their  associated  jet  streams. 
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Because  many  cloud  structures  have  smaller  dimensions  than  the  scales 
discussed  above,  the  smoothing  of  these  data  alleviates  small-scale  con¬ 
tamination  by  clouds  at  the  expense  of  resolution.  However,  elimination 
of  cloud-contaminated  radiances  also  produces  uneven  spacing  of  the  infra¬ 
red  radiance  observations  only.  Infrared  signals  are  subject  to  cloud 
contamination  which  makes  the  satellite  infrared  fluxes  appear  colder  than 
they  actually  are.  Within  TARM,  two  methods  are  employed  to  correct  for 
cloud  contamination.  In  one,  called  the  clear  search  method,  sufficient 
holes  are  found  in  the  clouds  from  whose  uncontaminated  measurements  a 
volume  estimate  can  be  obtained.  If  this  method  fails,  the  N*  approach  is 
used, where  physical  and  mathematical  techniques  are  combined  to  obtain  clear 
column  radiances  from  the  contaminated  ensemble.  Additional  details  con¬ 
cerning  these  methods  are  given  by  Smith  et^  aL.  (1979);  it  is  also  discussed 
in  Appendix  A. 

In  cloudy  areas,  infrared  radiances  are  quite  unreliable.  In  the  first 
sample,  observations  in  these  areas  were  deduced  by  interpolation.  Later, 
a  second  sample  of  HIRS-2  data  was  tested  in  which  seriously  cloud-contaminated 
data  were  eliminated. 

The  TOVS  sounding  product  tapes  (Level  2A)  used  in  this  research  contain 
brightness  temperature  data.  These  brightness  temperatures  are  weighted, 
consisting  of  contributions  through  the  depth  of  the  atmosphere  and  are 
characteristic  of  the  measured  radiation  at  the  top  of  the  atmosphere.  In 
order  to  test  our  hypothesis  that  horizontal  radiance  gradients  relate 
information  about  vertical  wind  shears,  these  brightness  temperatures  were 


converted  to  radiances. 
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Information  is  extracted  from  the  TOVS  tapes  in  the  form:  DAY,  TIME, 
LATITUDE,  LONGITUDE  and  TEMPERATURE.  Because  of  the  asymmetry  in  the  FOVs 
used  for  each  box  in  the  clear  column  radiance  search,  each  latitude- 
longitude  coordinate  point  represents  a  weighted  central  position  in  the  seven 
scan  line  by  nine  scan  spot  box.  In  order  to  make  the  conversion  to  radiance, 
a  slightly  different  algorithm  for  the  channels  of  both  sensors  is  used. 

The  microwave  algorithms  convert  brightness  temperature  to  radiance 
through  the  Planck  radiation  equation: 

3 

c.  (  v  ) 

E  =  - - -  (5) 

V 

exp  (— - )  -  1 

5  2  -4 

where  c^  =  1.190659  x  10  milliwatts  per  m  per  steradian  per  cm  , 

c2  =  1.438833  cm-°K,  T  is  brightness  temperature  in  °K,  v  is  the  central 

-1  2 
wave  number  in  cm  and  E  is  the  radiance  in  milliwatts  per  ra  per  steradian 

-1 

per  cm 

The  generation  of  HIRS-2  radiance  algorithms  from  brightness  temperatures 
is  similar.  Mere,  however,  band  correction  coefficients  are  applied  to  the 
apparent  temperatures  (T*)  read  from  the  tape,  yielding  the  corrected 
brightness  temperature  T.  The  relation  between  T  and  T*  is  as  follows: 


T  = 


(6) 


where  T*  and  T  are  in  °K,  and  b,  c  are  band  correction  coefficients  provided  in 
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Table  2.  The  individual  HIRS  algorithms  are  then  computed  as  before  using  (5). 
Table  2  lists  the  TIROS  sensor  algorithms  used  in  this  calculation. 

Data  sets  on  a  latitude/longitude  grid  were  created  for  each  day  and 
channel  in  the  form:  TIKE,  LATITUDE,  LONGITUDE  and  RADIANCE.  In  order  to 
test  our  hypothesis,  a  cartesian  grid  of  horizontal  radiance  gradients  was 
constructed  with  the  Y  axis  along  the  satellite  track.  This  necessitated 
a  conversion  of  latitude-longitude  coordinate  radiances  to  a  cartesian 
system. 

This  conversion  is  accomplished  by  the  specification  of  two  parameters. 
First  the  distance  of  the  projected  point  from  the  pole  is  determined  using 
the  latitude  angle  and  trigonometry.  Second,  the  angular  difference  between 
the  prime  longitude  and  the  longitude  is  computed,  where  the  prime  longitude 
is  defined  as  the  meridian  which  is  perpendicular  to  the  base  of  the  map 
and  which  extends  from  the  pole  to  the  bottom  of  the  map.  These  two 
parameters  lay  the  framework  for  the  conversion  of  latitude-longitude 
coordinate  pairs  to  a  cartesian  grid  on  a  polar-stereographic  map  with  the 
Y  axis  oriented  along  the  satellite  track. 

By  specifying  the  desired  number  of  grid  points  between  the  pole  and 
the  equator  (100  was  used  here) ,  a  cartesian  grid  encompassing  the  North 
American  radiosonde  network  west  of  85°  west  was  established  with  each  grid 
point  spaced  about  100  km  apart. 

For  use  in  this  research,  the  geographic  coordinates  are  the  cartesian 
coordinates  x,  y  defined  by  the  satellite  track,  with  radiance  at  each 
location  constituting  the  independent  variable  (z).  The  only  inherent 


restrictions  are  that  the  coordinate  variables  must  be  orthogonal  and  the 
z  variable  must  be  single  valued. 
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The  basis  for  all  operations  in  the  analysis  code  of  Surface  II 
(Sampson,  1978)  is  a  ctangular  grid  of  values  which  is  a  numerical 
representation  of  the  surface  to  be  displayed.  The  grid  is  a  numerical 
matrix  whose  elements  are  measurements  of  the  z  variable  made  at  points 
identified  by  the  geographic  coordinates  x  and  y.  The  geographic  coordinates 
are  defined  by  the  rows  and  columns  in  the  matrix. 

Surface  II  has  several  provisions  for  estimating  grids  from  irregularly 
spaced  data.  In  fact,  the  gridding  of  scattered  data  points  is  the  most 
important  use  of  this  analysis  package.  There  are  two  general  classes  for 
estimating  a  regular  mesh  of  points  on  a  surface  defined  at  other  points, 
namely  global  and  local  fit  techniques.  Global  estimates  are  based  on  all 
original  data  points  on  the  surface  while  local  estimates  are  performed  only 
from  a  selection  of  nearby  data  points. 

Local  fit  techniques  are  considered  to  be  the  best  for  estimating  points 
on  an  irregularly  shaped  surface,  since  the  estimate  techniques  are  based  on 
the  premise  that  a  nearby  observation  is  a  better  estimate  of  the  value  at  a 
point  on  a  surface  than  a  more  distant  one,  and  that  a  small  number  of  the 
nearest  control  points  provides  essentially  all  of  the  information  that  is 
relevant  to  the  estimate.  Stated  briefly,  values  at  successive  locations  on 
a  continuous  surface  are  considered  to  be  autocorrelated ,  with  the  degree  of 
autocorrelation  decreasing  with  increasing  distance  between  the  locations. 
This  is  essentially  the  same  property  employed  by  the  Cressman  method 
(Cressman,  1959)  which  is  commonly  used  in  meteorological  vnrk. 

The  versatility  of  Surface  II  is  best  illustrated  by  the  varied  ensemble 
of  estimating  procedures  in  grid  construction  available  to  the  user.  The 
standard  method,  and  the  one  used  in  this  study,  is  a  two-part,  weighted 
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average  of  the  projected  slopes  from  the  nearest  neighboring  data  points 
about  each  grid  point.  During  the  first  pass,  the  slope  of  the  surface  is 
estimated  at  each  data  point.  The  search  procedure  finds  the  n  nearest 
neighbors  to  the  data  point  being  considered  and  fits  a  weighted  trend  surface 
to  the  point.  Weights  inversely  proportional  to  the  distance  from  the  data 
point  being  evaluated  are  assigned  to  the  other  points.  Next,  a  constant  of 
the  fitted  regression  equation  is  adjusted  in  order  to  guarantee  that  the  plane 
passes  through  the  data  point.  If  the  search  procedure  does  not  find  at 
least  5  points  or  if  the  simultaneous  equations  of  the  fitted  plane  have  no 
solution,  then  the  coefficients  of  a  global  trend  are  used  as  the  local  trend. 

The  second  part  of  the  method  estimates  the  value  of  the  surface  at  the 
grid  nodes.  A  search  technique  locates  n*  nearest  neighbor  data  points  about 
each  grid  node.  The  x,  y  coordinates  of  the  grid  node  are  then  substituted 
into  each  of  the  local  trend-surface  equations  associated  with  these  points. 

The  result  is  a  projection  of  these  local  surfaces  to  the  grid  node  location. 

A  weighted  average  of  thesa  estimates  is  then  calculated  with  each  slope 
weighted  by  the  inverse  of  the  distance  between  the  grid  node  and  the  data 
point  associated  with  the  slope. 

The  weights  which  are  assigned  to  the  control  points  or  the  slopes  at 
the  points  during  the  estimation  procedure  are  allocated  according  to  their 
distance  away  from  the  grid  intersection  being  estimated.  Several  different 
weighting  functions  can  be  chosen,  for  example  u>  =  1/D,  1/D2,  1/D4,  1/Dm. 

The  weighting  function  used  in  this  research  project  is 
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where  io  is  the  weight  attached  to  a  sample  data  point  a  distance  D  from  the 
grid  intersection  being  estimated.  D  represents  the  distance  from  the  grid 
intersection  to  the  most  distant  sample  point  in  the  set  being  used  in  the 
estimation . 

In  short.  Surface  II  was  used  to  calculate  a  cartesian  grid  matrix  of 
interpolated  radiances  with  the  x,  y  axes  defined  perpendicular  to  and  along 
the  satellite  track  respectively.  Then,  through  a  centered-dif ference 
technique.  Surface  II  generated  a  grid  matrix  of  horizontal  radiance  gradients. 

Surface  II  uses  as  input  a  particular  day's  data  set  in  the  form  of  I, 

J,  RADIANCE  points  where  I  and  J  represent  the  cartesian  coordinates  on  the 
polar  stereographic  map.  Typically,  this  data  set  consists  of  200  points 
covering  the  geographic  area  from  85°  to  140°  west  longitude  and  from  20° 
to  70°  north  latitude.  For  our  purposes.  Surface  II  interpolates  to  a 
square  grid  120  grid  points  on  a  side  with  each  point  spaced  50.03  km  apart. 
From  these  data,  radiance  gradients  were  obtained  over  2  grid  intervals,  that 
is,  100  km  centered  on  the  radiosonde  stations.  By  rounding  the  latitude- 
longitude  coordinates  of  each  radiosonde  station  to  the  nearest  .5  degree, 
the  finely  interpolated  grid  matrix  produced  by  Surface  II  is  guaranteed  to 
intersect  each  radiosonde  station.  Hence,  centered  difference  horizontal 
gradients  are  calculated  by  differencing  adjacent  radiance  values  about  each 
radiosonde  station  both  along  and  across  satellite  track. 

Surface  II  utilizes  several  data  checks  of  which  the  Statistical  Analysis 
check  is  the  most  important.  The  Statistical  Analysis  check  detects  insta¬ 
bilities  in  the  data,  i.e.,  finds  regions  where  both  the  search  procedure  is 
inadequate  and  the  global  trend  coefficients  may  be  erroneous  due  to  rounding. 
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If  instabilities  are  encountered.  Surface  IT  informs  the  user,  then  proceeds 
to  calculate  the  desired  grid  matrix.  In  this  project,  these  instabilities 
were  encountered  on  a  very  few  occasions  only,  when  cloud  contamination 
depleted  greatly  the  number  of  radiance  values  for  a  particular  data  set. 
These  cases,  which  occurred  only  with  the  most  contaminated  HIRS  data  sets, 
were  eliminated  from  the  study. 

4.  Radiosonde  Data  as  Predictands 

The  ultimate  aim  is  to  pair  interpolated  horizontal  radiance  gradients 
with  corresponding  radiosonde  wind  shears  so  that  regression  analysis  can 
proceed.  Wind  data  used  for  determining  the  observed  shears  were  obtained 
from  radiosonde  observations  archived  on  tape  at  the  Penn  State  Meteorology 
Department.  Shears  were  calculated  for  each  station  by  vector  subtraction 
of  mandatory-level  (850,  700,  500,  400,  300,  250,  200  mb)  wind  data.  These 
observed  shears,  as  calculated,  contain  errors  which  may  make  them  unrepre¬ 
sentative  of  the  synoptic-scale  wind  shear.  First,  radiosonde  instrument 
errors  are  present  in  any  data  sample.  Moreover,  there  are  irregularities 
due  to  short  averaging  time  and  negligible  spatial  averaging  of  the  wind 
observations.  Thus,  the  set  of  observed  shears  are  affected  by  sub-synoptic 
scale  motions.  This  unwanted  "noise"  contributes  to  the  unexplained  variance 
in  the  final  statistical  results. 

Some  thought  was  given  to  the  possibility  of  using  analyzed  (smoothed) 
wind  data  as  predictands.  However,  regression  (least  square)  fits  auto¬ 
matically  produce  the  "best"  fits  to  irregular  data  with  random  errors. 

However,  the  purpose  of  the  procedure  is  to  derive  smoothed  fields. 
Therefore,  the  verifications  of  the  regression  equations  can  best  be  done 
with  analyzed  wind  fields. 


A  prime  consideration  in  the  analysis  of  data  for  this  study  was  the 
need  to  have  the  observed  radiosonde  data  correspond  as  closely  as  possible 
in  time  with  the  satellite  radiance  data.  Given  the  satellite  equator 
crossing  times  of  0300  LST  and  1500  LST  and  the  radiosonde  observation  times 
of  0000  GMT  and  1200  GMT,  it  was  decided  that  the  western  United  States  and 
Canada  would  be  chosen  as  the  target  region  for  this  study.  In  this  part 
of  the  world,  0000  GMT  corresponds  to  1500-1700  LST  and  1200  GMT  corresponds 
to  0300-0500  LST.  As  a  result  of  satellite  malfunctions,  nearly  all  of  the 
radiance  data  near  the  0000  GMT  radiosonde  observation  time  were  missing 
from  the  March  1979  data  archive.  This  reduced  the  size  of  the  data  sample 
by  approximately  half;  however,  sufficient  1200  GMT  satellite  data  were 
available  to  permit  a  pilot  study. 

There  is  a  relatively  high  density  of  radiosonde  stations  in  the 
United  States  portion  of  the  area,  but  rather  few  in  Canada.  In  the  final 
calculations,  up  to  46  radiosonde  stations  west  of  85  W  and  east  of  140  W 
between  25  N  and  70  N  were  used  (Fig.  3).  In  that  area,  the  time  difference 
between  satellite  and  radiosonde  observations  ranged  from  nearly  exact 
correspondence  at  the  western  edge  to  about  three  hours  difference  at  the 
eastern  edge.  Allowing  for  the  usual  early  release  of  the  radiosonde  by 
about  one  hour,  the  time  correspondence  may  have  been  slightly  better. 

5.  Statistical  Technique 

All  of  the  correlations  and  regressions  presented  in  this  paper  were 
calculated  through  the  use  of  the  Statistical  Analysis  System,  a  commercially 
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produced  statistical  package  available  at  many  IBM  computer  installations. 

The  procedure  chosen  to  develop  the  linear  regression  equations  was 
forward  stepwise  selection.  In  this  method,  the  first  predictor  chosen  is 
the  one  which  has  the  highest  correlation  with  the  predictand.  In  each 
subsequent  step  of  the  selection  process,  the  predictor  chosen  is  the  one 
which,  when  added  to  the  equation,  leads  to  the  greatest  reduction  in 
variance. 

Of  major  concern  in  the  linear  regression  approach,  is  the  determination 
of  the  optimum  length  of  the  equation.  Including  too  many  predictors  in  a 
regression  equation  can  result  in  the  overfitting  of  the  equation  to  the 
developmental  sample.  As  a  rule,  the  smaller  the  developmental  sample,  the 
fewer  should  be  the  predictors  allowed  to  enter  the  regression  equation 
(Lorenz,  1977). 

Statistical  significance  tests  are  often  used  to  determine  the  cutoff 
point  for  the  addition  of  predictors.  However,  such  tests  are  not  strictly 
applicable  here  because  meteorological  observations  are  not  independent  of 
one  another .  Weather  typically  occurs  in  regimes  several  thousand  kilometers 
length.  Thus,  the  horizontal  scale  of  systems  far  exceeds  the  distance 
between  radiosonde  observations.  As  a  result,  two  separate  radiosonde 
observations  are  not  usually  statistically  independent. 

The  best  available  test  for  the  reliability  of  an  equation  derived  in 
these  circumstances  is  an  independent  test  of  another  set  of  data.  In  this 
pilot  study,  data  from  the  first  twenty-one  days  of  March  1979  were  used  as 
the  developmental  sample.  The  last  ten  days  of  the  month  were  set  aside  as 
the  independent  sample. 
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6.  Experiments  and  Results 

a.  Characteristics  of  single  channels 

The  early  stages  of  data  analysis  for  this  study  consisted  of  the  pre¬ 
paration  of  many  radiance  maps  for  a  single  channel.  Appendix  B  shows 
several  examples  of  these  radiance  maps  for  each  of  the  channels  used  in 
this  study.  This  map  preparation  was  done  to  gain  insight  into  the  relation¬ 
ship  between  the  radiance  and  wind  shear  fields  which  would  later  be  explored 
statistically.  In  this  pilot  study,  it  was  decided  that  the  microwave 
channels  would  be  explored  first  since  they  are  seldom  contaminated 
and  yield  the  larger  data  base  for  use  in  statistical  analysis.  MSU  channel 
2,  whose  weighting  function  peaks  near  500  mb,  was  judged  as  being  the  most 
potentially  useful  single  channel. 

Figure  4  is  a  map  of  MSU  channel  2  radiance  contours  together  with 
arrows  which  show  the  calculated  values  of  mid-tropospheric  (700-400  mb) 
wind  differences  at  1200  GMT  on  8  March  1979.  The  magnitude  of  the  shear 
is  proportional  to  the  length  of  the  wind  arrow  (see  scale  Fig.  4).  The  case 
is  quite  typical  of  many  of  the  MSU  channel  2  mappings.  It  can  be  seen 
that  there  is  a  generally  good  correspondence  between  satellite-derived 
contour  orientation  and  observed  700-400  mb  shears.  In  addition,  information 
about  the  position  of  the  mid-tropospheric  jet  appears  to  be  present;  tight 
radiance  contour  spacing  from  western  Washington  and  Oregon  into  Wyoming 
is  associated  with  large  shear  magnitudes  in  this  region.  The  small  shears 
in  Montana  and  along  the  southern  United  States  border  are  also  linked  with 
smaller  radiance  gradients  in  this  region. 

Figure  5  is  a  similar  map  based  on  data  for  1200Z  on  2  March  1979. 

This  case  is  presented  to  highlight  severe  inconsistencies  which  appear 
occasionally  between  observed  and  satellite  derived  shears.  Note  that  while 
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the  overall  patterns  still  correspond  quite  well,  the  observed  shears  at 
Winslow  and  Tucson,  Arizona  and  at  Denver,  Colorado  are  nearly  opposite  of 
what  would  be  expected  from  radiance  contours. 

The  NTtC  analyses  of  the  upper  air  conditions  as  well  as  the  soun  ■ 
from  Tucson  and  Winslow  were  examined  closely  for  this  case.  A  portion  of 
the  analysis  for  500  mb  is  shown  in  Fig.  6.  A  sharp  trough  axis  through 
central  Arizona  is  apparent.  At  lower  levels  a  small  pocket  of  cold  air 
existed  in  southern  Arizona  and  northern  Mexico.  It  is  probable  that  the 
scale  of  this  sharp  feature  cannot  be  resolved  with  these  coarse  microwave 
data.  Moreover,  the  strong  cyclonic  curvature  of  the  streamlines  at  low 
levels  appears  to  be  decreasing  with  height,  introducing  a  difference 
between  the  radiance  gradient  and  the  observed  shear.  The  actual  wind  dif¬ 
ference  exceeds  the  thermal  wind  difference  in  flow  becoming  more  anti- 
cyclonic  upward  and  vice-versa;  in  any  region  of  strong  vertical 
change  of  curvature  of  the  streamlines,  systematic  errors  should  appear. 

If  this  is  a  case  where  sub-grid  scale  phenomena  affect  the  observed 
shears,  verification  on  smoothed  rather  than  actual  wind  shear  as  the 
predictand  should  improve  the  agreement. 

To  give  some  quantitative  idea  of  what  can  be  obtained  from  a  single 
microwave  channel,  a  regression  experiment  was  performed  with  MSU  channels  2 
and  3.  The  data  set  used  was  a  subset  of  the  1-21  March  1979  developmental 
data  sample  consisting  of  550  points  on  19  days.  In  an  effort  to  minimize 
the  effect  of  the  interpolation  technique  on  the  final  results  only  those 
days  with  the  greatest  number  of  data  points  were  used.  Fractions  ot 
explained  variance  values  were  then  calculated  for  many  combinations  of  shear 
layers.  Table  3  shows  these  values  for  the  layers  tested.  Regression  analy¬ 
sis  (least  squares)  is  used  to  fit  smooth  curves  to  "noisy"  data.  The  "noise" 
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then  becomes  part  of  the  unexplained  variance.  There  is  no  point  to  smooth 
the  predictands  first,  because  this  smoothing  is  subjective,  and  reduces  the 
degrees  of  freedom.  For  these  reasons,  we  chose  directly  observed  vertical 
differences  of  radiosonde  wind  components  u  and  v  as  predictands,  as  well  as 
u  and  v  components  at  particular  levels.  Wind  speed  and  direction  are  less 
satisfactory,  because  the  significance  of  directions  depends  on  speed;  u  and  v 
have  better  statistical  properties.  Best  results  in  channel  2  are  obtained 
for  shears  between  850  mb  and  300  mb,  although  850-400  mb  is  nearly  as  good. 

It  is  seen,  however,  that  850-500  mb  shears  are  not  accounted  for  nearly  as 
well  by  radiance  gradients  in  this  channel.  The  reason  is  clear:  the  weight 
function  for  MSU  channel  2  peaks  at  500  mb,  so  that  the  weights  of  the  winds  at 
the  two  levels  peak  above  and  below  500  mb,  respectively.  By  contrast,  channel 
3  alone  explains  only  a  very  small  fraction  of  the  variance  of  wind  shear. 

There  is  a  tendency  (possibly  not  significant)  for  the  fraction  of  v 
components  explained  to  be  slightly  larger  than  that  of  the  u-components . 

But  in  this  sample,  the  v-components  have  slightly  larger  total  variances,  so 
that  their  prediction  error  (see  later  section)  tends  to  be  larger. 

Theoretically,  HIRS  channels  should  yield  better  results  than  MSU  channels 
since  the  weighting  functions  associated  with  infrared  channels  have  more 
sharply  defined  peaks.  Hence,  the  HIRS  channels  were  first  tested  indepen¬ 
dently  of  the  MSU  channels  to  explore  this  contention. 

The  loss  of  data  in  the  sample,  which  was  related  to  instrument  failure 
and  contamination  of  infrared  signals  by  cloudiness,  presented  challenges  in 
the  analysis  of  the  HIRS  data.  Unfortunately,  certain  aspects  of  the  HIRS 
results  presented  here  seem  to  be  a  result  of  these  sampling  problems. 

Once  again,  a  subset  of  the  21-day  developmental  sample  was  chosen  such 
that  only  the  most  data  rich  days  were  included.  Because  of  retrieval 
problems,  in  fact,  observations  from  only  9  days  were  used  with  only  275 
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MSU  2  MSI)  3 


Layer 

u 

V 

ii 

V 

200  - 

400 

4 

3 

3 

2 

200  - 

500 

8 

6 

3 

1 

200  - 

700 

24 

29 

2 

3 

200  - 

850 

33 

38 

1 

2 

250  - 

400 

6 

9 

0 

1 

250  - 

500 

17 

24 

1 

3 

250  - 

700 

31 

36 

2 

3 

250  - 

850 

38 

39 

1 

0 

300  - 

500 

16 

21 

1 

0 

300  - 

700 

33 

36 

2 

2 

300  - 

850 

42 

42 

2 

4 

400  - 

700 

32 

37 

2 

4 

400  - 

850 

42 

41 

3 

4 

500  - 

700 

27 

30 

1 

1 

500  - 

850 

21 

19 

1 

0 

700  - 

850 

22 

17 

1 

1 

Table  3.  Percent  of  Variance  of  Wind  Shear  Components  Explained 
by  MSU  Channel  2  and  MS U  Channel  3  Radiance  Gradients. 

Number  of  Observations  =  ^500 
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observations  of  each  variable.  See  Table  4, which  shows  the  days  used  in 
this  analysis  along  with  the  number  of  grid  values  available  on  each  dav. 

Even  on  these  days,  only  interpolated  radiances  were  available  over  large 
areas,  as  a  result  of  extensive  cloudiness. 

Table  5  shows  a  summary  of  the  HIRS  results.  The  explained  variances 
are  generally  quite  low,  especially  for  channels  3  and  4.  In  fact,  most  of 
these  quantities  are  probably  not  significantly  different  from  zero! 

Examination  of  the  data  from  these  channels  uncovers  two  points  of  interest. 

In  spite  of  the  choice  of  data-rich  days,  irregular  distribution  of  data 
probably  contributed  to  questionable  interpolation  at  some  locations.  In 
addition,  the  magnitudes  of  the  radiance  gradients  observed  in  these  channels 
were  generally  much  smaller  than  the  MSU  gradients.  Weighting  functions  for 
these  channels  show  significant  contributions  from  both  the  upper  troposphere 
and  from  the  lower  stratosphere.  Stratospheric  temperature  gradients  tend 
to  be  negatively  correlated  with  tropospheric  gradients  underneath;  hence, 
gradients  in  these  channels  are  flattened  which  is  reflected  in  the  very  weak 
gradients  of  these  radiances.  Correlations  with  channel  5  are  not  as  bad  as 
with  3  and  4,  but  as  we  shall  see,  not  as  good  as  with  MSU  channel  2.  The 
difference  could  ’-esult  from  use  of  interpolated  infrared  radiances  in  cloudy 
areas,  or  from  generally  unreliable  values  in  partly  cloudy  regions.  In 
principle,  MSU  2  and  HIRS  5  should  perform  about  equally  well  since  their 
weight  functions  are  very  similar  indeed  (see  Fig.  1). 

b.  Combination  of  2  Microwave  Channels 

Next,  regression  equations  were  computed  including  /just  microwave  channels 
2  and  3  as  predictors , since  clouds  do  not  influence  the  analvsis.  All  but 
three  days  were  used  in  this  analysis  (see  Table  4). 
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MSU 

if  Grid  Points 

HIRS 

if  Grid  Points 

March  1 

226  * 

March  1 

91 

March  2 

234  * 

March  2 

106  * 

March  3 

207  * 

March  3 

82 

March  4 

174 

March  4 

76 

March  5 

128 

March  5 

77 

March  6 

181  * 

March  6 

84 

March  7 

211  * 

March  7 

112  * 

March  8 

213  * 

March  8 

123  * 

March  9 

149 

March  9 

47 

March  10 

221  * 

March  10 

113  * 

March  11 

190  * 

March  11 

97 

March  12 

86 

March  12 

30 

March  13 

191  * 

March  13 

75 

March  14 

183  * 

March  14 

69 

March  15 

166  * 

March  15 

57 

March  16 

133  * 

March  16 

45 

March  17 

175  * 

March  17 

105  * 

March  18 

213  * 

March  18 

123  * 

March  19 

167  * 

March  19 

106  * 

March  20 

189  * 

March  20 

118  * 

March  21 

190  * 

March  21 

113  * 

*  Denotes 

Data  used  in  Developmental 

Sample 

Table  4.  Characteristics  of  MSU  and  HIRS  Datasets  for  Each  Day  in 
Developmental  Sample  Period. 
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The  results  for  these  2  channels  as  obtained  from  the  developmental 
sample  are  shown  in  Table  6.  Clearly,  when  compared  to  the  results  presented 
in  Table  3,  it  is  seen  that  channel  3  contributes  significantly  to  the 
explained  variances. 

The  equations  derived  for  this  test  were: 

USH3085  =  6.8  +  204  MSU2  -  159  MSU3 
VSH3085  =  -  0.9  +184  MSU2  -  162  MSU3 

USH4085  =  6.2  +  144  MSU2  -  150  MSU3 
VSH4085  =  -  2.8  +  146  MSU2  -  128  MSU3 


U30 

=  12.7 

+ 

189 

MSU2  - 

184 

MSI!  3 

V30 

=  2.6 

+ 

203 

MSU2  - 

217 

MSU3 

U50 

=  10. 

6  + 

102  MSU2 

-  184  MSU3 

V50 

=  1.3 

+ 

129 

MSU2  - 

170 

MSU3 

where  USH  and  VSH  are  shears  between  the  mandatory  levels  indicated,  in  knots, 

and  predictands  of  the  form  U  and  V  are  components  of  the  observed  winds  at 

a  single  level,  also  in  knots.  The  units  of  MSU2  and  MSU3,  which  are  the 

2 

radiance  gradients  from  the  two  microwave  channels,  are  milliwatts  per  m  per 
steradian  per  cm  1  per  100  km. 

Of  course,  the  coefficients  in  these  equations  can  be  regarded  as  weights 
by  which  the  radiance  gradients  have  to  be  multiplied.  It  is  clear  that  these 
weights  have  the  correct  signs:  the  weights  are  positive  for  MSU2,  because 
this  channel  describes  the  major  temperature  field  which  is  related  to  the 
wind  shears.  But  MSU2  gradients  are  also  influenced  by  temperature  gradients 
higher  up;  these  influences  are  removed  by  subtraction  of  quantities  involving 


MSU3  gradients. 
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LAYER 

MSU 

2  +  MSU 

u 

V 

200-400 

11 

8 

200-500 

16 

6 

200-700 

28 

34 

200-850 

36 

42 

250-400 

8 

10 

250-500 

20 

27 

250-700 

36 

41 

250-850 

42 

41 

300-500 

18 

23 

300-700 

38 

41 

300-850 

46 

49 

400-700 

36 

45 

400-850 

47 

49 

500-700 

29 

32 

500-850 

23 

20 

700-850 

24 

19 

Table  6.  Percent  of  Explained  Variance  for  a  Combination  of 
Microwave  Channels  2,  and  3.  Observations  *  'v  550. 


c.  Combinations  of  Microwave  and  Infrared  Channels 

Experiments  were  next  performed  in  which  two  MSU  and  three  HIRS  channels 
were  combined  in  a  stepwise  regression  procedure  in  which  observed  wind 
shears  were  the  predictands.  Because  HIRS  coverage  was  poor  on  some  days, 
only  9  days  were  used. 

Table  7  summarizes  explained  variances  and  standard  errors  of  estimates 
(in  parentheses)  for  these  experiments.  All  possible  shears  between  mandatory 
levels  in  the  850-200  mb  domain  were  tested,  but  only  the  layers  displaying  th 
best  correlations  are  included  in  Table  7  along  with  other  layers  of  interest. 
The  highest  correlations  result  for  wind  shears  involving  850  mb,  with  the 
other  level  being  in  the  upper  troposphere.  Infrared  channels  alone  are 
disappointing;  adding  MSU  2  to  them  is  helpful.  The  further  addition  of  the 
infrared  channels,  increases  the  explained  variances,  but  the  standard  errors 
do  not  decrease  significantly  by  inclusion  of  the  infrared  channels.  The 
smallest  standard  errors  result  for  the  700-400  mb  shears  and  the  850-250  mb 
shears,  because  of  their  smaller  variability  in  our  sample.  Standard  errors 
are  likely  to  vary  more  among  samples  than  correlations. 

The  rather  poor  performance  of  the  infrared  channels,  particularly  HIRS  2 
could  be  due  to  use  of  interpolated  values  in  cloudy  regions.  To  test  this 
possibility,  another  sample  was  collected  from  all  21  developmental  days,  but 
restricting  the  analyses  only  to  areas  were  the  HIRS  coverage  was  good.  The 
statistics  did  not  improve  substantially.  This  reeult  indicates  that  the 
poor  performance  of  HIRS  channels  must  be  due  to  the  unsatisfactory  retrieval 
techniques  even  in  only  partly  cloudy  areas.  Overall,  the  results  are  not 
likely  to  be  superior  to  alternative  methods  that  generate  root-mean-square 
wind  errors  of  order  5  ms  \  Also,  as  with  MSU2  alone,  the  results  involving 
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the  500  mb  level  are  notably  Inferior  to  those  involving  400  mb  and  higher 
levels . 

It  is  noteworthy  that  the  explained  variance  of  the  east-west  component 
is  larger  than  that  of  the  north-south  component  in  the  cases  where  infrared 
predictors  are  used.  This  reverses  a  slight  v-component  superiority  for  the 
MSU2  predictor  test  reported  in  Table  3.  That  was  explained  in  terms  of 
somewhat  greater  u-component  variability  in  the  sample.  A  direct  comparison 
cannot  be  made  here,  however,  because  the  sample  size  has  changed.  However, 
it  is  worth  noting  that  the  standard  deviations  of  u-components  in  this 
smaller  sample  average  4  to  6  knots  less  than  the  standard  deviations  of  the 
v-components .  It  is  believed  that  these  differences  are  an  artifact  of  the 
sample,  and  not  of  the  atmosphere. 

In  middle  latitudes,  there  tends  to  be  a  strong  correlation  between 
the  wind  shear  and  the  wind  itself  at  the  higher  altitude  levels.  For 
example,  the  500-1000  mb  shear  is  usually  dominated  by  the  500  mb  wind.  In 
the  preceding  analyses,  the  850-300  mb  shear  has  exhibited  relatively  high 
correlations  with  radiance  gradients.  This  suggests  the  possibility  of 
estimating  winds  directly  at  a  level  in  the  upper  troposphere  from  radiance 
gradients. 

Thus,  experiments  were  performed  correlating  the  observed  winds  with 
radiance  gradients  for  several  mandatory  levels.  Results  are  summarized  in 
Table  8.  The  general  pattern  of  previous  results  remains  the  same;  MSU 
channels  2  and  3  contribute  the  bulk  of  the  information.  The  300  mb  winds  are 
correlated  with  the  radiance  gradients  of  these  channels.  Indeed,  the  results 
are  almost  as  good  as  those  obtained  for  the  850-300  mb  layer.  Theoretically, 
wind  shears  should  be  predicted  more  accurately  than  single  level  winds. 
However,  shears  are  noisier  than  the  winds  themselves  and  this  may  cancel  the 
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theoretical  advantage.  Thus,  these  results  suggest  the  possibility  of 
obtaining  winds  at  a  level  statistically  from  radiance  gradients.  Coefficients, 
however,  may  have  to  be  stratified  by  region  and  season, 
d.  Independent  Tests 

Because  of  the  small  sample  size,  it  is  essential  to  test  the  equations 
on  independent  data.  This  was  done  from  data  taken  during  the  last  11  days 
of  March,  for  which  nine  provided  satisfactory  data  in  the  HIRS  channels. 

The  equations  were  tested  by  two  methods:  in  the  first,  raw  shears  were 
computed  by  vector  differences  of  mandatory-level  winds  just  as  they  had  been 
in  the  developmental  sample.  The  Cartesian  components  were  then  correlated 
with  values  predicted  by  the  above  equations. 

Since  the  equations  led  to  smoothed  fields,  they  were  also  tested  on 
horizontally  smoothed  observations.  This  smoothing  was  accomplished  by  a 
Cressman  analysis  scheme  on  a  30  x  40  grid  (grid  spacing  approximately  90 
km)  which  was  overlaid  on  a  polar  stereographic  map  of  the  target  area. 

Also  a  pass  was  made  with  a  1-4-1  smoother.  Table  9  shows  the  results. 

There  is  a  considerable  loss  of  explained  variance  as  one  goes  from  the 
developmental  sample  to  the  unsmoothed  independent  sample.  This,  of  course, 
is  typical  of  independent  testing  of  regression  equations.  Interestingly, 
however,  results  improve  by  a  larger  amount  when  the  equations  are  tested  on 
the  smoothed  sample.  This  is  not  surprising  since  regression  should  handle 
the  noise  in  the  developmental  sample  in  an  optimum  fashion.  However,  this 
improvement  is  less  for  the  winds  than  the  wind  shears,  since  winds  have  less 
random  error.  Caution  must  be  used  in  generalizing  from  this  independent 
test  due  to  the  small  size  of  the  developmental  and  independent  samples. 

Nevertheless,  the  last  section  in  Table  9  is  likely  to  give  the  best 
idea  how  well  regression  is  likely  to  predict  winds  and  wind  shears  from  MSI! 


Developmental  Number  of  Observations  =  *v  275 


Table  9.  Independent  Tests  on  Two-Channel  and  Five-Channe 
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data  only,  in  middle  latitudes.  Further  improvement  should  be  possible  by 
correcting  for  the  deviation  of  actual  from  geostrophic  winds. 

Without  such  correction,  then,  we  expect  to  account  for  about  50%  of 
the  variances  of  middle-troposphere  layers,  and  somewhat  less  for  the  winds 
themselves,  by  the  statistical  techniques  (correlations  of  order  0.7). 

e.  Correction  for  Contour  Curvature 

The  actual  wind  difference  should  be  less  than  the  thermal-wind 
differences  in  cyclonic  flow  and  vice  versa.  We  should  be  more  successful 
in  wind  shear  estimation  if  we  stratify  our  sample  according  to  streamline 
curvature. 

To  gauge  the  effect  of  such  stratification,  the  pilot  study  data  were 
further  subdivided  into  groups  with  strongly  cyclonic,  strongly  anticyclonic , 
and  nearly  straight  flow.  The  stratification  procedure  was  subjective,  based 
on  NMC  upper-air  analyses. 

Table  10  presents  the  results.  Some  conclusions  are:  1)  The  subset 
which  includes  just  straight  flow  generally  shows  considerable  increases  in 
explained  variance  over  the  full  data  set.  2)  In  the  cyclonic  and  anticy¬ 
clonic  cases,  only  estimation  of  the  u-components  shows  improvement  due 
to  stratification.  This  would  be  expected  from  the  gradient-wind  equation. 

3)  Generally,  there  was  considerable  improvement  for  the  straight  flow 
stratification. 

We  therefore  performed  a  test  to  see  whether  the  differences  in  the 
equations  were  physically  reasonable.  In  particular,  the  anticyclonic  equation 
should  yield  stronger  winds  and  wind  shears  for  the  same  input  than  the  equa¬ 
tions  for  straight  flow.  However,  this  did  not  turn  out  to  be  the  case,  so 
that  the  anticyclonic  equations  are  probably  not  reliable. 
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In  contrast,  comparison  between  the  equations  for  cyclonic  and  straight 
flow  suggested  reasonable  behavior  of  the  respective  equations. 

In  this  experiment,  we  estimated  mean  wind  shear  and  wind  components  from 
means  of  MSU  2  and  3  radiance  gradients.  In  all  cases,  the  predicted  values 
were  less  in  the  cyclonic  than  the  straight-contour  sample. 

7.  Summary  and  Conclusions 

This  report  is  a  pilot  study,  based  on  data  from  March  1979.  Regression 
equations  were  developed  and  tested  which  led  to  estimates  of  winds  and 
vertical  wind  shears,  given  horizontal  gradients  of  radiances  in  various 
infrared  and  microwave  channels.  Due  to  the  small  sample,  the  results  must 
be  considered  highly  tentative. 

The  project  suggests  these  conclusions: 

1)  In  spite  of  their  slightly  better  vertical  resolutions,  infrared 
radiance  gradients  show  very  little  skill  for  estimation  of  synoptic -scale 
wind  shears  centered  in  the  middle  troposphere.  Microwave  gradients  are 
generally  superior.  The  improvement  due  to  the  addition  of  infrared  informa¬ 
tion  may  not  be  statistically  significant.  Therefore,  and  because  microwaves 
are  relatively  insensitive  to  clouds,  we  recommend  that  large-scale  wind 
properties  be  estimated  on  the  basis  of  microwave  radiance  gradients  only. 
Infrared  data  should  be  used  only  in  areas  of  limited  cloudiness. 

2)  Without  stratification  by  curvature  of  the  flow,  radiance  gradients 
can  account  for  about  50%  of  the  variances  of  the  shears  in  the  middle  tropo¬ 
sphere  (e.g.,  300  mb  to  850  mb),  provided  the  observations  are  smoothed.  A 
very  limited  experiment  suggests  that  these  variances  can  be  increased  to  60% 
if  curvature  and  infrared  channels  are  included.  Standard  errors  of  estimate 
for  some  of  the  results  should  be  reducible  to  13  knots  or  !,>«. 
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3)  The  regression  equations  performed  almost  as  well  on  the  winds  them¬ 
selves  as  on  wind  shears.  However,  if  we  base  the  verification  on  smoothed 
fields,  shear  estimations  are  improved  more  than  wind  estimation. 

4)  The  weights  derived  statistically  have  physicaLly  i  eason.il>  U-  si<ut>. 

5)  It  is  not  clear  whether  the  results  are  satisfactory  for  practical 
use.  Such  a  decision  requires  comparison  of  the  accuracy  of  statistical 
techniques  with  that  of  physical  techniques. 

3.  Suggestions  for  puture  Work 

The  results  discussed  here  are  tentative,  because  of  the  small  sample 
involved.  A  significantly  larger  sample  is  needed  to  test  the  practical 
utility  of  the  regression  techniques. 

On  this  larger  sample,  the  following  tests  are  suggested. 

1)  Test  infrared  and  microwave  predictors  always  in  the  same  common 
periods,  in  areas  of  few  clouds  only. 

2)  Test  the  equations  primarily  on  smoothed  observations  (although 
they  must  be  derived  from  unsmoothed  observations). 

3)  Handle  curvature  by  developing  equations  between  curvature  effect 
and  error?  of  the  equations  derived  without  allowing  for  curvature. 

4)  Test  all  equations  on  an  independent  sample. 

5)  Compare  the  standard  errors  of  statistical  techniques  with  standard 
errors  of  physical  techniques,  on  the  same  set  of  data. 
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APPENDIX  A:  FURTHER  DETAILS  ON  TIROS-N  RADIANCE  DATA  PROCESSING 

The  TOVS  System 

The  new  generation  NOAA  polar  orbiter  satellite  system  contains  an 
instrument  package  which  includes  an  Advanced  Very  High  Resolution  Radiometer 
and  the  TOVS.  The  TOVS  system  includes  three  sensors,  namely  the  High 
Resolution  Infrared  Radiation  Sounder  (HIRS/2) ,  the  Microwave  Sounding  Unit 
(MSU) ,  and  the  Stratospheric  Sounding  Unit  (SSU).  A  fourth  sensor,  a 
backscatter  ultraviolet  system  for  O2one  measurement,  is  expected  to  be 
added  later  in  the  satellite  series.  Each  sensor  is  a  multi-channel 
radiometer  which  measures  the  radiation  emerging  from  the  top  of  the 
atmosphere.  Only  the  HIRS/2  and  MSU  data  were  used  in  the  research  discussed 
in  this  paper. 

The  HIRS/2  instrument  measures  the  incident  atmospheric  radiation  in  19 
regions  of  the  infrared  and  one  region  of  the  visible  part  of  the  spectrum. 

The  three  HIRS  channels  used  in  this  research  were  channels  3,  4  and  5  which 
correspond  to  central  wavelengths  of  14.5,  14.2,  and  14.0  um  respectively. 

These  channels  in  the  15  pm  band  provide  better  sensitivity  to  the  temperature 
of  relatively  cold  regions  of  the  atmosphere  than  can  be  achieved  with  the  4.3 
iim  HIRS  band  channels.  Channel  5  radiance  values  are  also  used  to  calculate 
the  heights  and  amount  of  cloudiness  within  the  HIRS  field  of  view.  The 
instantaneous  fields  of  view  (IFOV)  of  the  HIRS/2  channels  are  stepped  across 
the  satellite  track  by  use  of  a  rotating  mirror.  This  cross-track  scan, 
which  covers  a  linear  dimension  of  about  2240  km,  combines  with  the  satellite's 
motion  in  orbit  to  provide  coverage  over  a  major  portion  of  the  Earth  during 
any  24  hour  period.  Each  individual  HIRS/2  measurement  (scan  spot)  results 
from  a  17.4  km  diameter  circular  area  at  the  subsatellite  point  expanding  to 


approximately  a  30x60  km  ellipse  at  larger  scan  angles.  Fifty-six  scan 


-48- 


spots  comprise  one  scan  line,  which  is  achieved  by  each  mirror  rotation.  A 
sounding  is  then  extracted  for  every  array  of  seven  scan  lines  and  nine 
scan  spots  through  a  weighting  technique.  The  result  is  a  5  x  6  array  of 

data  for  each  40  x  56  array  of  scan  spots.  A  calibration  every  256  seconds 
(40  mirror  rotations)  replaces  the  measurements  for  3  scan  lines  causing  a 
larger  than  normal  spacing  between  data  at  the  end  of  the  256  second  period. 
Thus,  the  along  track  data  points  are  arranged  in  a  series  of  5  points  about 
250  km  apart,  with  roughly  a  35%  greater  spacing  between  the  groups  of  five. 

The  MSU  sensor  is  a  passive  scanning  microwave  spectrometer  with  4 
channels  in  the  5.5  micrometer  region  of  the  spectrum.  The  two  channels  used 
in  this  research  (channels  2  and  3)  respond  to  53.74  and  54.96  GHz  frequencies. 
The  microwave  channels  probe  through  clouds  and  are  used  to  negate  the 
influence  of  clouds  on  the  4.3  pm  and  15  um  HIRS  channels.  The  MSU  has  a 
wider  FOV  than  the  HIRS,  accounting  for  only  eleven  FOV  along  its  2240  km 
swath.  MSU  soundings  are  extracted  in  a  similar  fashion  to  that  used  for 
the  HIRS  with  the  MSU  measurements  interpolated  to  the  HIRS  scan  positions 
hence  constituting  a  similar  grid  as  the  HIRS. 

Data  Processing 

The  transformation  of  radiances  measured  in  the  2‘  spectral  intervals 
of  the  TOVS  system  (20  HIRS,  4  MSU)  into  vertical  profiles  of  atmospheric 
temperature  is  accomplished  through  the  operation  of  4  principal  software 
modules  on  an  IBM  360/195  computer  system.  A  brief  discussion  of  2  of  these 
modules,  namely  the  Preprocessor  and  the  Tiros  Atmospheric  Radiance  Module 
(TARM)  follows. 

The  Preprocessor  organizes  the  output  of  the  TOVS  data  into  a  form  which 
is  convenient  for  scientific  processing.  Input  to  this  module  consists  of 
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time  coincident  sets  of  HIRS  and  MSU  measurements  with  earth  location  and 
calibration  equations  appended.  These  data  are  representative  of  the 
radiation  emitted  from  the  top  of  the  atmosphere. 

The  major  function  of  TARM  is  to  transform  the  individual  FOV  data 
provided  by  the  Preprocessor  into  sets  of  atmospheric  radiances  for  determin¬ 
ation  of  atmospheric  parameters  by  the  Tiros  Retrieval  Module  (TRET) . 

The  Preprocessor  output  for  both  the  HIRS  and  MSU  data  is  organized  to 
allow  formation  of  boxes  whose  dimensions  are  9  scan  spots  across  the  satellite 
track  by  7  scan  spots  along  the  track.  Subsequent  operations  performed 
within  TARM  are  in  terms  of  these  FOV  ensembles.  These  operations  aim  to 
produce  a  single  set  of  radiances  in  the  24  spectral  intervals  of  HIRS  and 
MSU,  from  which  an  atmospheric  sounding  can  be  obtained  in  TRET. 

The  physical  problem  addressed  in  TARM  is  the  extraction  of  the  true 
thermal  emission  of  the  atmosphere  within  the  volume  being  sampled  from 
the  collection  of  radiance  measurements.  Since  there  are  likely  to  be  clouds 
over  such  a  region  and  since  up  to  50%  of  the  HIRS  spectral  measurements 
in  channel  3,  for  example,  are  subject  to  contamination  by  clouds,  this 
endeavor  is  known  as  the  clear  column  radiance  problem.  This  cloud  con¬ 
tamination  occurs  in  HIRS  channels  which  have  weighting  function  peaks  in 
the  mid-troposphere  where  clouds  greatly  affect  radiance  measurements. 

There  are  two  basic  approaches  to  the  clear  column  radiance  problem. 

First,  an  attempt  is  made  to  find  holes  in  the  clouds  where  uncontaminated 
observations  can  be  obtained.  Second,  statistical  techniques  can  be  applied 
in  order  to  infer  clear  column  radiances  from  the  contaminated  ensemble. 

Both  methods  are  utilized  in  TARM. 

Initially,  the  observations  for  each  FOV  in  a  box  are  given  objective 
tests  to  determine  the  probable  presence  of  clouds.  These  tests,  which  are 


related  only  indirectly  to  cloud  amount,  involve  comparison  of  the  measured 
reflectance  with  the  expected  surface  albedo,  longwave  and  shortwave  window 
channel  comparisons,  longwave  window  brightness  temperature  and  expected 
surface  temperature  comparisons  and  an  infrared-based  regression  estimate 
of  the  microwave  brightness  temperature  and  the  observed  microwave  brightness 
temperature.  The  expected  surface  temperature  is  obtained  from  analyses  of 
ships  and  satel1 ite  sea  surface  temperatures  as  well  as  shelter  land 
temperatures.  Since  the  vertical  weighting  functions  of  several  tropospheric- 
sensing  HIRS  channels  bracket  those  of  the  MSU  channels,  the  regression  test 
gives  physical  reasoning  to  expect  accuracy  in  predicting  the  HIRS  radiance 
from  MSU  measurements  in  the  absence  of  clouds.  However,  in  the  presence  of 
clouds,  the  HIRS  predicted  MSU  radiance  will  be  too  low. 

A  box  is  considered  to  be  clear  if  as  few  as  4  of  the  63  FOVs  are  found 
to  be  clear.  The  clear  value  for  each  of  the  parameters  associated  with  the 
box  is  a  weighted  average  over  the  clear  FOVs.  In  the  eve^t  that  fewer  than 
four  clear  FOVs  are  found  in  the  initial  search,  a  second  approach,  the  so- 
called  adjacent  pair  or  N*  technique  is  employed. 

The  specification  of  "cloud-free"  infrared  radiances  from  cloud- 
contaminated  observations  is  performed  by  using  the  "paired  field  of  view" 
method.  This  technique  assumes  that  the  variation  of  radiance  observed  in 
two  neighboring  fields  of  view  is  caused  explicitly  by  a  variation  of 
cloud  amount.  In  this  situation  the  cloud  free  radiance  Rj  is  given  by 


(1) 
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where  the  subscript  j  refers  to  the  spectral  channel  and  the  numerical 
subscripts  refer  to  the  two  geographical  fields  of  view.  The  parameter  N* 
is  the  ratio  of  cloud  amounts,  N^/^,  in  the  two  fields  of  view.  For  the 
Tiros  N,  it  is  desirable  to  make  use  of  the  radiance  observed  in  microwave 
channels,  which  penetrate  clouds,  in  the  specification  of  clear-column 
infrared  radiances.  Through  the  use  of  radiance  eigenvectors,  a  simultaneous 
equation  for  N*  can  be  obtained  and  the  clear  column  radiances  of  all  channels 
can  also  be  obtained  as  functions  of  the  radiances  observed  in  all 
channels,  infrared  and  microwave. 

The  use  of  these  eigenvectors  produces  solutions  that  are  optimal  for  the 
number  of  parameters  used  in  a  statistical  sense. 

The  minimum  number  of  acceptable  pairs  for  N*  success  is  four.  The 
output  is  a  weighted  average,  with  the  weight  for  each  pair  being  proportional 
to  the  reciprocal  of  the  error  in  the  regression  estimate  of  the  MSU  bright¬ 
ness  temperature  based  upon  the  HIRS  clear  column  radiance  determination. 

In  the  event  that  both  the  clear  search  and  the  adjacent  pair  method 
fail,  the  output  for  the  63  FOV  box  is  taken  as  a  spatial  average  of  the  MSU 
channels  and  the  stratospheric  based  HIRS  channels  (i.e.,  those  presumed 
not  subject  to  cloud  contamination). 

The  final  result  is  a  grid  encompassing  the  North  American  continent 
with  radiances  covering  the  network  (grid)  at  a  horizontal  resolution  of 


about  250  km. 
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APPENDIX  B:  SINGLE  CHANNEL  MAPPINGS  FROM  THE  DEVELOPMENTAL  SAMPLE 

This  is  a  selection  of  single  channel  radiance  maps  drawn  for  the  21- 
day  developmental  sample.  The  purpose  of  the  inclusion  of  this  set  of  maps 
is  two-fold. 

1)  Maps  of  radiance  contours  with  raw  radiance  values  plotted  are 
included  to  give  the  reader  a  feeling  for  the  density  and  distribution  of 
observations  in  the  five  channels  used.  The  maps  presented  here  are  from 
relatively  data  rich  days.  Even  on  these  data  rich  days, gaps  in  the  data 
are  evident  especially  for  HIRS  5  whose  peak  energy  contribution  comes  from 
the  middle  troposphere.  It's  sensitivity  to  clouds  is  thus  apparent. 

While  the  number  of  observations  in  HIRS  channels  3  and  U  is  somewhat  better, 
the  gradients  are  much  weaker  rendering  their  information  less  useful. 

2)  Maps  of  radiance  contours  with  shear  arrows  are  included  to  supple¬ 
ment  the  maps  in  the  body  of  the  text.  These  show  additional  examples  of 
the  correspondence  between  radiance  gradients  in  various  channels  with  wind 
shear  in  the  middle  troposphere.  It  is  interesting  to  note  that  in  the  maps 
presented  here, cross  contour  departures  appear  to  be  most  prevalent  on  the 
eastern  part  of  the  maps.  This  may  be  partially  accounted  for  by  the  fact 
that  time  correspondence  between  radiance  observation  and  wind  shear  obser¬ 
vations  is  poorest  in  these  locations.  Thus,  especially  with  rapidly 
translating  systems,  systematic  departures  here  may  be  expected. 


channel  2  radiance  contours  (descending  node,  7  March  1979) 
i  radiance  values  from  TARM  plotted.  Radiances  in  milliwatts 
m^  per  steradian  per  cm-^  (xlO-^).  Contour  interval  =  100. 


Figure  17.  HIRS  channel  3  radiance  contours  (descending  node,  8  March 
1979)  with  radiance  values  from  TARM  plotted.  Radiances 
in  milliwatts  per  m  2  per  steradian  per  cm-^  (xlO-^). 
Contour  interval  =  50. 


HIRS  channel  4  radiance  contours  (descending  node,  8  March 
1979)  with  radiance  values  from  TARM  plotted.  Radiances  in 
milliwatts  per  m2  per  steradian  per  cm'1  (xlO-1). 

Contour  interval  =  50. 


HLKb  cnannel  5  radiance  contours  (descending  node,  8  March 
1979)  with  radiance  values  from  TARM  plotted.  Radiances 
in  milliwatts  per  m2  per  steradian  per  cra'l  (xlO“l) . 
Contour  interval  =  50. 
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APPENDIX  C:  SUMMARY  OF  REGRESSION  COEFFICIENTS 

This  appendix  is  a  complete  summary  of  all  of  the  regression  coefficients 

for  all  layers  and  combinations  of  channels  for  which  equations  were 

developed.  The  equations  presented  here  include  coefficients  for  predictors 

which  entered  the  regression  equations  at  the  a  =  0.1  significance  level  or 

higher.  It  must  be  remembered  that  these  equations  were  developed  from  a 

limited  data  base  consisting  of  approximately  275  observations.  Thus*,  the 

coefficients  are  likely  to  be  quite  unstable.  The  predictands  are  observed 

wind  shears  (in  knots)  between  the  mandatory  levels  indicated  or  windh  (in 

knots)  at  the  single  level  indicated.  Predictors  are  microwave  and  infrared 

radiances  in  milliwatts  per  m2  per  steradian  per  cm-1  per  100  kra)  for 

various  channels  on  the  TOVS  instruments. 

USH  2540  =  3.2  +  43.7  MSU2  +  2625  HIRS4  +  1336  HIRS5 

VSH  2540  =  1.9  +  42.9  MSU2  +  1236  HIRS4 

USH  2550  -  3.6  +  75.1  MSU2  +  2218  HIRS4  +  1986  HIRS5 

VSH  2550  =  0.7  +  81.4  MSU2  -  54.6  MSU3  +  1647  HIRS4 

USH  2570  =  7.4  +  123  MSU2  +  2328  HIRS4  +  2105  HIRS5  -  2478  HIRS3- 

VSH  2570  =  0.5  +  150  MSU2  -  115  MSU3  +  1654  HIRS4 

USH  2585  =  10.6  +  154  MSU2  +  3788  HIRS5  -  2462  HIRS3 

VSH  2585  =0.4+  201  MSU2  -  164  MSU3  +  1662  HIRS4 

USH  3050  -  1.4  +  67.8  MSU2  -t-  1890  HIRS5 

VSH  3050  =1.3+80.6  MSU2  -  55  MSU3 

USH  3070  =  3.6  +  129  MSU2  -  120  MSU3  +  2233  HIRS5 

VSH  3070  =1.2+150  MSU2  -  118  MSU3 

USH  3085  =  7.2  +  160  MSU2  -  110  MSU3  +  2987  HIRS5  -  2119  HIRS3 

VSH  3085  *-0.9  +  184  MSU2  -  162  MSU3 

USH  7085  =  3.2  +  366  MSU2  +  551  HIRS5  -  999  HIRS3 

VSH  7085  -  -1.8  +  35  MSU2  -  423  MSU3 

USH  2050  =9.2+56  MSU2  +  114  MSU3  +  2203  HIRS4  +  934  MSU5 
VSH  2050  =0+45  MSU2  +  35.5  MSU3  -  501  HIRS5 
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USH  2070  =12.8+101  MSU2  +  3383  HIRS4  +  1129  HIRS5  -  2208  HIRS3 
VSH  2070  =  -0.8  +  100.5  HSU 2 

USH  2085  =  14.8  +  148  MSU2  -  85.4  MSU3  +  2768  HIRS5  -  2297  HIRS3 
VSH  2085  =2.4+143  MSU2  -  56.8  MSU3 

USH  4085  =  7.2  -  111  MSU3  +  114  MSU2  +  1528  HIRS5  -  2718  HIRS3 
VSH  4085  =  -0.5  +  216  MSU2  -  184  MSU3 

USH  4070  =  4.2  +  76.9  MSU2  -  93.1  MSU3  +  811  HIRS5  -  1954  HIRS3 

VSH  4070  =  0.6  +  192  MSU2  -  174  MSU3 

USH  5070  =  3.5  +  53.6  MSU2  -  56.3  MSU3  -  1474  HIRS3 

VSH  5070  =  -0.8  +  57  MSU2  -  56  MSU3  +  409  HIRS5 

Equations  for  single  levels: 

U200  =  22  +  131  MSU2  +  2009  HIRS5  -  2184  HIRS3 

V200  =  0.6  +  167  MSU2  -  134.4  MSU3 

U300  =  11.9  +  160  MSU2  -  227  MSU3  +  2679  HIRS5 

V300  =2.5+203  MSU2  -  218  MSU3 

U500  =  10.5  +  92.2  MSU2  -  175  MSU3  +  898  HIRS5 

V500  =  1.3  +  129  MSV2  -  170  MSU3 
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